I. Introduction o scillator development based on microelectromechanical systems (MEMs) has drawn significant attention, because MEMs resonators can provide cMos compatibility and multifrequency operation on a single chip [1] , [2] . With either electrostatic [3] , [4] or piezoelectric [5] , [6] transduction, MEMs resonators have been recently demonstrated to attain simultaneously high quality factor (Q > 1,000) and high operating frequencies up to the gigahertz range. However, due to the relatively small electromechanical coupling coefficient (k t 2 < 0.6%) and thus large motional resistance, no gigahertz MEMs oscillator has been demonstrated using laterally vibrating resonators. The low coupling obtained to date combined with an increase in substrate parasitics and the need for higher power consumption when operating at higher frequencies [2] has in fact limited the demonstration of these oscillators.
In the work reported in this paper, significant progress has been made toward the first demonstration of a 1.05-GHz oscillator based on lateral-field-excited (lFE) piezoelectric aln contour-mode MEMs resonators (Fig.  1 ). By depositing a piezoelectric aln layer directly on silicon wafers and making the film thickness, T, equal to approximately 0.45 times (which can be explained by lamb wave theory [7] [8] [9] [10] as it will be discussed in more details in the next section) the desired wavelength of operation, λ, both the material quality (therefore resonator Q) and k t 2 have been optimized without being negatively affected by the quality of bottom metal films. In this way, simultaneous high Q (up to 2,200) and k t 2 (up to 1.2%) have been achieved from 843 MHz to 1.64 GHz for lFE aln resonators without a floating bottom electrode [5] . This solution makes the design of gigahertz MEMs oscillators with low power consumption possible. The demonstrated 1.05-GHz oscillator shows a phase noise of −81 dBc/Hz at 1-kHz offset frequency with a dc power consumption of 3.5 mW. The integrated circuit (Ic) that is wire-bonded to the lFE aln resonator was fabricated in the aMI semiconductor (aMIs) 0.5-μm cMos process.
II. Piezoelectric lFE aln resonators
In our previous work, piezoelectric thickness-fieldexcited (TFE) aln contour-mode resonators have been demonstrated to have high Q (up to 4000) in air, low motional resistance (~25 Ω), and multiple frequencies of operation [5] , [11] on the same substrate. Based on a similar fabrication process, piezoelectric rF MEMs switches have been monolithically integrated with TFE aln resonators [12] . TFE aln resonators have also been used to demonstrate multifrequency oscillators (176-482 MHz) for next-generation reconfigurable frequency-reference and timing applications [2] . When the TFE scheme is pushed to higher frequencies (> gigahertz), the feature size of the electrodes decreases (gigahertz operation of aln usually corresponds to a few microns for the lithographic patterning of electrodes), which poses a severe challenge for the microfabrication of these devices. The critical issues include degraded aln deposition on densely patterned (due to uneven surface) wafers and high vulnerability to alignment errors.
Therefore, the idea of introducing lFE resonators without a floating bottom electrode is proposed to solve these Fig. 2 , lFE means that there are interdigitated metal electrodes only on top of the piezoelectric thin film, but not on the bottom side. The electric field has a laterally distributed component (perpendicular to the thickness direction), which is different than TFE aln contour-mode MEMs resonators, whose electrical field is exclusively in the thickness direction. To avoid confusion between different "TFE" and "lFE" definitions in the ultrasonic community, it is important to note that the electrode configuration of the lFE aln resonators of this work can also be described via the terminology used for the well-known interdigital transducer (IdT)-extensively studied for surface acoustic wave (saW) excitation and recently studied [9] , [10] for lamb wave excitation in thin aln films. although K 2 has been traditionally used for describing the electromechanical coupling of lFE resonators [13] , k t 2 , as employed for film bulk acoustic resonator (FBar) [14] , is adopted throughout this paper given K 2 is small and the 2 values do not differ significantly from a practical point of view.
By depositing aln directly on low-roughness si wafers, the aln thin-film quality can be well controlled and optimized with current-day sputtering techniques. at the same time, misalignment errors are greatly relaxed, because only one top metal layer is needed to excite the resonator. Based on this lFE scheme, aln resonators have been demonstrated up to 10 GHz with the highest f•Q product (~4.6 × 10 12 Hz) ever reported for aln contour-mode devices [6] . For oscillator applications, another important figure of merit (FoM) related to the resonator design is the k t 2 •Q product. Therefore, in addition to the quality factor optimization, the electromechanical coupling coefficient k t 2 has been maximized in this work by making the film thickness T equal to about 0.45 times the desired wavelength of operation, λ, as illustrated in Fig. 2 [7] . In this way, simultaneous high Q (up to 2,200) and k t 2 (up to 1.2%) have been achieved for lFE aln resonators from 843 MHz to 1.64 GHz, as listed in Table I . The reason for this choice of film thickness mainly comes from the lamb wave theory, where the maximum electromechanical coupling happens at 0.45λ for S 0 lamb waves in aln excited by IdT [7] [8] [9] [10] . at this relatively large aln thickness, the dispersion of the phase velocity deteriorates to a certain extent. despite that, the frequency sensitivity to process variations (aln thickness and electrode thickness) for lFE aln contour-mode MEMs resonators is generally lower than (or at least comparable to) aln FBar resonators [7] .
For the fabrication process (shown in Fig. 3 ), only 2 masks are needed: one for top electrode patterning and f s = series resonant frequency; Q s = quality factor at series resonance; k t 2 = effective electromechanical coupling coefficient; R M = motional resistance; λ = wavelength of operation; T = thickness of the aln film. note that experimental results for k t 2 follow closely the trend of theoretical prediction, although some deviations from theory have been experienced due to fabrication inaccuracies and film deposition parameter variations. the other for aln etching. compared with the fabrication of TFE aln resonators, the lFE scheme greatly reduces the number of steps, eliminates the bottom electrode deposition and the via definition (which has been a significant source of electrical resistance in TFE aln resonators). Furthermore, due to the intrinsically lower k t 2 of lFE (less than half of TFE) [7] , the motional resistance of each of the subresonators (fingers) that form the device is higher than in TFE of comparable dimensions. Therefore, the overall device Q of lFE resonators is less influenced by the electrical loss in the metal electrodes or substrate parasitics. This aspect of lFE aln resonators relaxes the stringent requirement on metal resistivity for conducting electrodes and reduces their impact on device Q. considering all these aspects, Pt top electrodes have been chosen because high quality factors have been previously demonstrated with Pt electrodes in FBar [15] and TFE aln contour-mode resonators [2] . as an example of the resonator design (IdT transducer), the 1.05-GHz lFE resonator (Table I) has an aln finger (sub-resonator [2] ) width of 4 μm, a Pt electrode width of 2 μm (electrode coverage = 50%), an aln finger length of 100 μm, and a total number of 26 fingers. The aln thickness is 4 μm and the Pt thickness is 200 nm.
similarly, because parasitic electrical loss is negligible for lFE aln resonators, the traditional Butterworth-van dyke (BVd) equivalent circuit model [14] , instead of the modified-BVd model [2] , has been adopted to describe the electrical performance, as shown in Fig. 1 . as an example, the measured admittance plot (magnitude and phase), the BVd model fitting curve, and the equivalent circuit parameters of an lFE aln resonator at 1.17 GHz are given in Fig. 4 .
The power-handling capability of lFE resonators was also characterized. The electrical response of a 1.17-GHz device was measured for different driving power levels, and the magnitude of its admittance is plotted in Fig. 5 . as we can see, the critical driving power before bifurcation occurs [16] is between 2 and 4 dBm, which roughly corresponds to a critical driving current of 3 ma. compared with the 222-MHz TFE aln resonator demonstrated earlier [2] , this 1.17-GHz lFE aln contour-mode resonator has a lower (about 1/3) current handling capability. The difference in power handling between the TFE and the lFE resonators is very specific to the 2 particular geometries and dimensions that are taken in consideration in this paper. The lower critical current can be primarily attributed to the relatively larger current-frequency effect (or amplitude-frequency effect characterized by the A-f coefficient, κ) of the 1.17-GHz resonator [16] , which is also a function of the geometrical dimensions of the resonator. Therefore, the current-handling (power-handling) capability of lFE resonators is not necessarily lower than TFE resonators, and it can be properly designed to the required level by controlling the device geometry.
all the advantages, related to the elimination of the bottom metal layer deposition, flexibility in material selection (both the piezoelectric layer and conducting electrodes), fabrication simplicity, good power-handling capability, and high yield, make the lFE scheme extremely suitable for post-cMos integration applications. The only trade-off consists in the limited frequency range in which the resonators exhibit a high electromechanical coupling, k t 2 , for a given thickness, T, of the piezoelectric material. nevertheless, assuming a requirement of k t 2 > 1%, the available wavelength theoretically ranges between T/0.6 and T/0.27 [7] , which corresponds to a useful frequency band equal to approximately 73% of the device center frequency for a given fixed film thickness, T.
III. oscillator circuit design
The circuit topology adopted in this work and shown in Fig. 1 is similar to the Pierce oscillator presented in [2] . The oscillator core is basically a cMos-inverting amplifier formed by transistors M 1 and M 2 [17] . Transistor M 3 is biased to be always on and serves as a large resistor to bias the gate and drain voltages of transistors M 1 and M 2 at half V DD1 . This solution was implemented to minimize resistive loading on the resonator and maximize the allowable oscillating voltage swing. The dc bias current of M 1 is efficiently reused in M 2, so that the ac gain of the 2 transistors adds up. Except for having approximately twice the transconductance (g m ), the small-signal ac analysis of this oscillator core circuit is exactly the same as what has been shown in [2] . The novelty here consists in making possible the implementation of a tunable supply voltage (V DD1 ) design, which is in line with the goal of having multifrequency resonators driven by the same oscillator core. For the oscillator circuit in Fig. 1 , the total transconductance can be expressed as 
where μ n is the electron mobility; μ p is the hole mobility; C ox is the capacitance per unit area of the gate oxide; V Tn and V Tp are the threshold voltages for n-type metal-oxide-semiconductor (nMos) and P-type metal-oxide-semiconductor (PMos) transistors, respectively; and W 1 /L 1 and W 2 /L 2 are the effective channel width-to-length ratios for the 2 transistors. From (1), we infer that the transconductance is linearly proportional to the supply voltage (V DD1 ) for a fixed layout design. Therefore, the oscillator core proposed here (Fig. 1) can be effectively used as a tunable amplifier for the reconfigurable multifrequency oscillator (timing) solution proposed in our previous work [2] , [18] . This solution allows us to optimize the oscillator gain (i.e., power consumption) for each specific frequency of operation of the resonators, instead of being forced to operate with a fixed gain set by the highest frequency of oscillation. By adjusting V DD1 , the dc bias current and, therefore, the ac gain in the circuit can be set to the point that is above the critical transconductance for the oscillations to start, so that both the phase noise performance and power consumption can be optimized for each switched-on resonator at a certain operating frequency. This capability is not experimentally proven in this paper, in which a single frequency oscillator is demonstrated, but is presented as a unique feature of this novel circuit topology and will be exploited in future implementations.
IV. Experimental results
The aln lFE resonators were fabricated with a 2-mask microfabrication process as shown in Fig. 3 , while the tunable-supply-voltage oscillator circuit design was implemented in the aMIs 0.5-μm cMos process. The MEMs resonator die was wire-bonded to the integrated circuit (Ic) chip, and all other electrical contacts were made through the rF and dc probes available in the desert cryogenics TTP6 probe station (desert cryogenics, Tucson, aZ). The oscillator output was directly probed on chip and monitored via an agilent E5052B signal source analyzer (agilent Technologies, Palo alto, ca). as shown in Fig. 6 , the measured phase noise of the 1.05-GHz MEMs oscillator for an output power of −23 dBm (limited by the current circuit design) is −81 dBc/Hz at 1-kHz offset frequency and as low as −146 dBc/Hz when the offset frequency is greater than 3 × 10 5 Hz. This phase noise performance already satisfies the stringent global system for mobile communications (GsM) requirements of ultra-high frequency (UHF) local oscillators (lo) [19] . Taking into account that the lFE aln resonators have a power-handling capability much greater than −23 dBm, the phase noise floor can be further reduced if the oscillator circuit is designed to operate at a higher power level.
To compare the overall performance of different oscillators, a commonly used FoM has been established and is given by the following equation [20] :
where L(f m ) is the oscillator phase noise at f m , a specific offset frequency; f o is the center frequency; P diss is the dc power consumption (in milliwatts) of the oscillator circuit. The calculated FoM values for gigahertz oscillators based on different technologies are listed in Table II. as we can see, the 1.05-GHz MEMs oscillator demonstrated in this work has the best FoM when compared with other gigahertz oscillators based on FBar, saW, and cMos on-chip inductor and capacitor (cMos lc) technologies. In addition, the piezoelectric aln contour-mode MEMs technology provides simultaneously multiple frequencies of operation on a single chip, cMos compatibility, and high quality factor, whereas none of the other 3 technologies has all these combined capabilities. By using this MEMs oscillator technology based on lFE piezoelectric aln contour-mode resonators, multifrequency operation over a given frequency range can be realized with much better phase noise performance than conventional lc oscillators. With phase noise performance (of the free-running oscillator) further optimized to satisfy all the system-level requirements of different wireless standards, such as GsM, universal mobile telecommunications system (UMTs), and code division multiple access 2000 (cdMa2000), it is possible to envision the elimination of power-hungry phase-locked-loop (Pll) circuits for frequency synthesis in future single-chip and multiband reconfigurable transceiver solutions. In addition, the extended operating frequency range of these lFE aln devices up to 10 GHz with high Q and low impedance makes possible the design of novel communication and sensing systems based on nontraditional rF architectures. V. conclusion design, fabrication, and testing of a 1.05-GHz cMos oscillator based on lFE piezoelectric aln contour-mode MEMs resonators have been demonstrated. This is the highest-frequency MEMs oscillator ever demonstrated using laterally vibrating resonators. The oscillator shows a phase noise of −81 dBc/Hz at 1-kHz offset frequency and a phase noise floor of −146 dBc/Hz, which satisfies the GsM requirements for UHF lo. The overall device performance has the best FoM when compared with other gigahertz oscillators that are based on FBar, saW, and cMos lc technologies. The electromechanical coupling coefficient (k t 2 ) for lFE resonators has been optimized to attain values up to 1.2% with simultaneously high Q (up to 2,200) in air. This was made possible by depositing aln directly on si wafers and making the film thickness equal to 0.45 times the desired wavelength of operation. In the future, we would like to expand this oscillator technology to microwave frequencies.
acknowledgment
The authors thank n. sinha for helping with Pt deposition. We also thank the MosIs Educational Program for the Ic chip fabrication and the staff at the Wolf nanofabrication Facility at Penn for their support in the MEMs fabrication. Finally, aln deposition has been performed by Tegal corporation. The other members of the Penn Micro and nano systems laboratory (PMans lab) also deserve special thanks for valuable discussions and help. 
